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The title salt, Na + ÁC 6 H 13 O 9 S À [systematic name: sodium (1S,2S,3S,4R,5R)-1,2,3,4,5,6-hexahydroxyhexane-1-sulfonate], is formed by reaction of d-mannose with sodium bisulfite (sodium hydrogen sulfite) in water. The anion has an openchain structure with the S atom and the C atoms of the carbohydrate chain forming an essentially planar zigzag chain in which the absolute values of the torsion angles lie between 173.6 (2) and 179.9 (3) . The sodium cations are penta-coordinated by O atoms, with one link to a carbohydrate O atom and four to O atoms of sulfonate residues in separate anions, thus creating a threedimensional network. The carbohydrate anions are arranged in a head (-SO 3 À ) to head (-SO 3 À ) arrangement, thereby forming two parallel sheets linked through coordination to sodium ions, with each sheet containing intermolecular hydrogen bonds between the anionic residues. Unusually, the double sheets are not connected to neighbouring sets of double sheets, either by ion coordination or intermolecular hydrogen bonding.
Chemical context
Adducts formed by the reaction of aldehydes and bisulfite anions have long been used for aldehyde purification since they are often crystalline, whereas the parent aldehydes are often liquids with varying stabilities on storage. The addition reaction is reversible, which makes the bisulfite compounds useful intermediates in the synthesis of other adducts from aldehydes, such as cyanohydrins. Further, bisulfite adducts are useful since they are soluble in water, which can be important if the compounds need to be compatible with aqueous, biological systems, for example to aid delivery of medicinal drugs insoluble in water. Such considerations are important since aldehydes are involved in many synthetic processes for the production of commercially relevant compounds, including pharmaceuticals, and the relative advantages of using different counter-ions (e.g. stability, hygroscopicity, ease of filtration of the adduct) are of interest (Kissane et al., 2013) .
The bisulfite addition products of aldoses are unusual in that they are acyclic compounds despite the fact that the parent carbohydrates exist predominantly in the cyclic, hemiacetal form. Although such adducts were synthesised many years ago, unequivocal proof of their acyclic nature awaited X-ray structure determination, firstly on the potassium adducts of d-glucose and d-mannose (Cole et al., 2001) , of d-galactose (Haines & Hughes, 2010) , d-ribose (Haines & Hughes, 2014) , d-lyxose (Haines & Hughes, 2015) , and of the sodium adducts of d-glucose (Haines & Hughes, 2012 ) and d-lyxose (Haines & Hughes, 2016) . ISSN 2056-9890 We now report the preparation, properties, and crystal structure of the sodium bisulfite adduct of d-mannose, and comment on its significant structural difference from that of the corresponding potassium adduct.
Mixing concentrated, equimolar solutions of d-mannose and sodium bisulfite (sodium hydrogen sulfite formed by the in situ hydrolysis of sodium metabisulfite) in water led to immediate precipitation of the adduct in high yield; this was purified by recrystallization from water, giving material stable in air but which melted over a large temperature range (413-444 K) with extended and continual decomposition.
Obtaining suitable crystals for X-ray analysis was challenging since there was a tendency for formation of thin, rough, multiple crystals, but slow crystallization at approximately 283-286 K and careful selection from the crop soproduced afforded the crystal for examination. The newly formed chiral centre at C1 had the S-configuration and in solution in water:acetic acid (9:1) the adduct gave a positive rotation which remained stable over an extended period, suggesting that hydrolysis to its component parts was hindered under the acidic conditions.
Structural commentary
The newly formed chiral centre at C1 has the S-configuration (as shown in Fig. 1 ) and the systematic name for the salt is sodium (1S,2S,3S,4R,5R)-1,2,3,4,5,6-hexahydroxyhexane-1-sulfonate. The anion has an open-chain structure in which the S atom and the C atoms of the sugar chain form an essentially planar zigzag (all-trans) chain with the corresponding torsion angles lying between the absolute values of 173.6 (2) and 179.9 (3)
. The hydrogen atoms of the hydroxyl groups on C1 to C6 of the carbon chain form hydrogen bonds with oxygen atoms O2, O13, O5, O3, O6 and O4, respectively, of neighbouring chains ( Fig. 1 and Table 1 ) and all the hydroxyl O atoms except O1 are acceptors of hydrogen bonds; O1 is bonded to a sodium ion. We note that all the hydrogen bonds are arranged in cyclic systems, some comprising four O-HÁ Á ÁO bonds, others with two O-HÁ Á ÁO bonds plus two Na-O coordination bonds.
Unusually, the sodium atom has a coordination sphere of five rather than six oxygen atoms, hexa-coordination having been observed in related adducts from d-glucose (Haines & Hughes, 2012) and d-lyxose (Haines & Hughes, 2016) . Further, coordination of a sodium ion by O1 of the carbohydrate chain and oxygen atoms O11, O12 and O13 of four different sulfonate groups leads to a sheet of Na ions coordinated to the 'heads' of the anions, Fig. 2 .
The Na-O bonds have lengths in the range 2.293 (3) to 2.421 (3) Å (Table 2 ) and form a distorted square pyramidal shape with O1 in the apical site. The next shortest Na-O contact distance is 2.757 Å to O12
iii , which would provide a rather distorted octahedral coordination. Twofold screw axes of symmetry (parallel to the b axis) relate the sodium ions in the sheet close to the ab plane at z = 0 and 1, and the zigzag C 6 chains lie approximately normal to this plane and nearly parallel to the c axis. The 'tails' of these chains, around the C6,O6 groups, lie close to the z = Haines and Hughes Na + ÁC 6 H 13 NaO 9 S À 1315 Table 1 Hydrogen-bond geometry (Å , ). (4) 112 (5) Symmetry codes: (i) x; y À 1; z; (ii) x À 1; y; z; (v) x; y þ 1; z; (vi) x þ 1; y; z. Table 2 Selected bond lengths (Å ).
Figure 1
View of the d-mannose-NaHSO 3 adduct, indicating the atom-numbering scheme. All sodium coordination contacts and hydrogen bonds involving the atoms of the sugar adduct are indicated. Displacement ellipsoids are drawn at the 50% probability level. Symmetry codes:
plane, there are no short intermolecular contacts across the z = 1 2 plane; the shortest contacts here are H61Á Á ÁH62 11 = 2.57 Å , H61Á Á ÁO6 12 = 2.70 Å , H62Á Á ÁH5 13 = 2.60 Å and H62Á Á ÁC6 13 = 2.95 Å , i.e. at normal van der Waals' distances; symmetry codes: (11) 
The neighbours of the zigzag C 6 chains are related only by translation parallel to the a and b axes, Fig. 3 ; all the cations here are aligned in the same direction. Anions related across the Na coordination plane and about the z = 1 2 plane have the opposite alignment. Here, we observe a major difference between this sodium complex and the corresponding potassium d-mannose complex (Cole et al., 2001 ) where each C 6 chain is surrounded by four chains pointing in the opposite direction, as shown in Fig. 4 . Hence the distances between the coordination planes are quite different, viz 21.08 Å in the sodium complex, but 11.55 Å for the potassium compound.
Supramolecular features
A three-dimensional bonding network exists in the crystal structure through (i) penta-coordination of a sodium cation with oxygens from five different mannose bisulfite residues, and (ii) intermolecular hydrogen bonds from each of the six hydroxyl groups to acceptor oxygen atoms in four different residues.
1316 Haines and Hughes Na View down the a axis of the crystal packing.
Figure 3
View looking along the all-trans sugar chain and neighbouring chains, all pointing in the same direction. Displacement ellipsoids are shown at the 30% probability level. Symmetry codes are defined as for Fig. 1 . 
Spectroscopic results
High resolution mass spectrometry in negative ion mode showed, as the base peak in the spectrum, a peak for ( [C 6 H 13 H NMR spectrum of the adduct in D 2 O indicated the presence of the -and -pyranose forms of d-mannose and the major and minor forms of the acyclic sulfonate in the % ratios 25.24:13.14:55.00:6.62, respectively. Clearly, the Rstereoisomer at C1 is present in solution but only the S-isomer crystallizes. Further, some hydrolysis of the adduct to afford the parent sugar occurs during the NMR measurement.
The 13 C NMR spectrum showed signals for C1 nuclei at C 94.70, 94.31, 84.43 and 82.34 arising, respectively, from theand -pyranose forms of d-mannose, the minor adduct and the major adduct, in the % ratios of 32.73:15.00:3.64:48.63.
Synthesis and crystallization
d-Mannose (0.9 g) was dissolved in water (2 ml), sodium metabisulfite (0.475 g) was added, and the solution was then warmed to achieve complete solution. On cooling to room temperature, precipitation occurred within 3 min (see scheme). The product was collected by filtration, and dried to give the adduct (1.42 g, 84%), a portion of which was recrystallized to afford the analytical sample, m.p. 
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 3 . All the hydrogen atoms were located in difference maps and were refined with isotropic thermal parameters; the hydroxyl hydrogen atoms were refined with constrained O-H distances. (Farrugia, 2012) ; software used to prepare material for publication: SHELXL2014/7 (Sheldrick, 2015b) and WinGX (Farrugia, 2012) .
Sodium (1S,2S,3S,4R,5R)-1,2,3,4,5,6-\ hexahydroxyhexane-1-sulfonate
Crystal data 
Special details
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. iii -Na-H1O 163.4 (9) O12-S1-Na v 64.32 (11) S1
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å
iii -Na-H1O 152.7 (17) O11-S1-Na 
